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Abstract 

This paper deacrlbes the results of an inves- 
tigation of the nonpropulslve applications of elec- 
tric propulsion technology. Eight centimeter ion 
beam sources utilizing xenon and argon have been 
developed that operate over a wide range of beam 
energies and currents. Three types of processes 
have been studied - sputter deposition, ion beam 
machining, and ion beam surface texturing. The 
broad range of source operating conditions allova 
optimum sputter deposition of various materials. 

An ion beam source has also been used to ion mill 
laser reflection holograms using photoresist pat- 
terns 01 . silicon. Ion beam texturing has been 
tried with many materials and ha6 a multitude of 
potential applications. 


terlal, vhlch la then depoalted onto a substrate. 

In ion beam machining (fig. lb) a maks is placed 
betveen the source and the target, such that target 
material ia selectively removed from the unshielded 
locations. Figure 1(c) ahovs the arrangement of 
the source, target, and seed material used for ion 
beam Burface texturing. The material to be tex- 
tured is located in the target position and can be 
oriented at any angle vith respect to the ion beam. 
A lov sputtering yield seed material is mounted on 
a separate support and typically oriented at a 
forth-five degree angle vith respect to the beam. 
The seed material also la located vlthin the beam 
envelope very close to but not touching the target. 
The ion beam simultaneously sputters both the tar- 
get and the seed material creating a microscopic 
surface structure on the target. 


Introduction 


Nonpropulslve applications of electric pro- 
pulsion technology have been under investigation at 
the Levis Research Center for the past eighteen 
months. This program is a spinoff from 15 years of 
research and development of electron bombardment 
mercury ion thrusters for primary propulsion and 
satellite stationkeeping applications. The pro- 
gram has been Involved vith both the adaption of 
thruster technology to ion beam source technology 
and the exploration of a vide range of potential 
applications. 

All of the experiments described in this paper 
were performed with a xenon jource that is pat- 
terned after the eight centimeter mercury ion 
thruster. Ion beam sources similar to the sources 
described herein are presently commercially avail- 
able^^) These sources are commonly used for 
cleaning silicon substrates preparatory to inte- 
grated circuit fabrication for ion-milling photo- 
resist patterns in the fabrication of microelec- 
tronic, microwave acoustic, and Integrated optics 
components. (3) Similarly, high density micro- 
structure arrays of permalloy magnetic dipoles have 
been ion-milled for magnetic bubble devices. 

Much higher resolution can be achieved with ion- 
milling than with chemical etching. Patterns with 
line widths of 1000 A have been obtained and con- 
tamination from chemical etching is avoided. Other 
applications Include preparing clean surfaces for 
surface science research, (5) polishing of copper 
surfaces for laser mirrors^) and producing aspher- 
ic lenses.^) A complete bibliography of ion beam 
technology is presented in reference 8. 

The results of experiments encompassing a wide 
range of potential applications are reported in 
this paper. Three types of ion beam sputtering 
processes have been studied: sputter deposition, 

ion beam machining and ion beam surface texturing. 
Figure 1 shows how the processes have been cat- 
egorized on the basis of the relative positions of 
the source, target and substrate. In sputter dep- 
osition, (fig. la) the most obvious applications, 
the ion beam impinges on the target material to be 
sputter deposited. The energetic ions strike the 
target surface causing the ejection of target ma- 
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The work described in this paper is divided 
into four sections. The first section described 
the ion beam source and the sputtering facility. 

The other three sections cover the ion beam process- 
es described in the preceding paragraph. 

Ion Beam Sources and Sputtering Facilities 

An eight centimeter-diameter beam' xenon source, 
(fig. 2), was uBed for all the applications reported 
on in this paper. The source had enclosed keeper 
hollow cathodes (7) with barium oxide-impregnated 
porous tungsten inserts for both the main cathode 
and the nuetrallzer. The magnetic circuit had a 
cusped field geometry^®) vith permanent rod magnets 
around the perimeter of the discharge chamber. The 
optics for beam extraction consisted of dished 
double grids vith a small hole accelerator grid.^^^ 


Figure 3 is a sketch of the ion beam source 
facility. The xenon source is mounted on a flange 
which in turn mounts onto one of the ports of a 
large vacuum facility. The port is connected to 
the main tank by a 0.91-meter diameter gate valve. 
The vacuum facility has three 0. 75-meter diameter 
diffusion pumps. The facility can be evacuated to 
10~7 torr and vith ion beam source on operates at 
2 x 10"3 torr. The source is mounted on tracks so 
that it can be displaced along a line parallel to 
its axis. Sputtering targets are mounted on "shep- 
herds’ crook" supports, that can either be rotated 
or displaced parallel to the source axis. The tar- 
gets can be mounted with their surface at any angle 
with respect to the ion beam. It is possible to 
mount multiple targets and interchange them by ro- 
tating the target support. Substrates and measur- 
ing devices can be introduced to the test facility 
through five centimeter and ten centimeter diameter 
sldeports. This separate entry capability allowed 
samples to be removed for inspection or replaced 
without turning off the source and exposing it to 
air. It also greatly reduced the turn around time. 
The substrates were supported by a rod which co;ld 
be translated perpendicular to the ion beam e r. ro- 
tated around the rod axis. Viewing porte allow- 
viewing of the targets and substrates for positli r • 
ing, as well as temperature measurements by optical 
pyroraetry. 


.nnltt 1 PM'il'l lb 



Oi .uiNAlj RAGE lb 

OF POOR QUALITY 


Electric propulsion technology he* enabled the 
development of xenon Ion beam source* capable of 
operation over a broad range of Ion accelerating 
voltage and ion beam current. The xenon source can 
be operated at beam currents between 10 and 200 ba. 
The net accelerating potential, Vj, can be varied 
from 300 to 2000 V. At positions five and ten 
centimeters downstream from the source the Ion beam 
uniformity is ±102 over a four centlmetet diameter 
in the center of the beam. The capability of vary- 
ing both the net accelerating voltage and the beam 
current Is essential. For some materials It Is 
necessary to reduce the beam energy to prevent dam- 
aging the target by overheating. For ]ow sputter- 
ing yield materials the maximum beam energy Is de- 
sirable for obtaining useful sputter deposition 
rates. 

Ion beam sputtering has several uaeful charac- 
teristics In addition to a broad range of Ion beam 
energies. The freedom to vary the angle of Inci- 
dence of the beam with respect to the target maxi- 
mizes sputter yield. The low facility pressure de- 
creases gas Inclusions In deposits and minimizes 
backsputterlng. The deposition environment may be 
separated from the sputter source and the substrate 
temperature may be controlled. There Is also con- 
siderable electrical flexibility In that targets 
and substrates may be grounded, Isolated or arbi- 
trarily voltage biased. 

As part of the applications program at Lewis 
Research Center, an effort has been made to develop 
a low-cost argon source. The choice of an argon 
source la dictated primarily by source gas cost. 
Xenon is currently two hundred and forty times more 
expensive than argon. The xenon source operating 
on an average of eighty hours per week require* 
one hundred dollars (1976 dollar*) of xenon. It is 
also desirable to develop a source that Is easily 
operated, durable, and simple to maintain. A use- 
ful source for general application should not re- 
quire an expert operator. The electronic power 
supplies should have a minimum of controls and re- 
quire a minimum of tuning while having sufficient 
flexibility so as not to sacrifice utility. Para- 
metric studies of hollow cathode operation with 
argon Indicate that for small sources (15 cm di- 
ameter and less) and beam currents leas than 500 mA, 
It Is better to use thermionic emitters. Further- 
more, thermionic emitters are simpler to fabricate 
and operate. Their short operating llfes are not a 
major drawback for ground based applications. 
Another area for optimization Is beam flatness. It 
is presently thought that this can be achieved by 
Increasing the source diameter and by converting 
to a multipole discharge chamber design. 

Ion Beam Sputter Deposition 

Table I is a list of the materials that have 
been Ion beam sputter deposited. The xenon source 
described earlier was used, with the target and 
substrate positioned as Indicated In figure 1 (a). 

In all cases the 7.5-cm diameter target was orient- 
ed at an angle of 45° with respect to the axis of 
the source. The table also Includes the Ion source 
operating conditions for each rate. The sputter 
deposition rates were measured with a quartz crys- 
tal microbalance located In the substrate. position. 

Several different kinds of material were sput- 
ter deposited: metals, semiconductors. Insulators, 

and polymers. Different ion source operating con- 


ditions were required because of differences In the 
thermal properties of the target materials. For 
example, teflon must be spi.ttered at low Ion beam 
power to minimise thermal fracturing of the polymer, 
whereas carbon can be subjected to the maximum beam 
energy of ths source without damage. Because the 
sputtering yield of carbon Is low, the higher beam 
energy is necessary to achieve useful sputter depo- 
sition rates. 

It has generally been found to be very useful 
to thoroughly clean Ion beam sputter substrates pri- 
or to Initiating deposition. One unique advantage 
of ion beam sputtering is thst It Is possible to go 
continuously from substrate etching to deposition. 
This procedure together with the high velocity of 
the sputtered atoms results In very good adherence 
of the deposition film. For metals and polymers 
adherent coatings were achieved with no substrate 
heating. To obtain adherent films of S 102 and 
AljO^ required that the substrate be heated to ap- 
proximately 400° C. 

Silicon Films 

Several specific sputter deposition projects 
were undertaken. One of the first projects was the 
deposition of silicon. Thin film silicon deposits 
are currently of great Interest for terrestial so- 
lar energy applications. If high quality silicon 
films could be deposited over large areas at a rea- 
sonable cost It would be a technological break- 
through. The basic problem Is to deposit films of 
sufficiently large crystallite size such that elec- 
trons can be collected with reasonable efficiencies 
before they become neutralized at grain boundaries. 
Several different substrate positions and orienta- 
tions were tested with quartz, sapphire, and single 
crystal silicon as substrates. The substrates were 
heated during deposition to 1000° C. The purpose 
of heating the substrate was to Increase the sur- 
face mobility of the silicon and thereby enhance 
crystal growth and Increase crystallite size. The 
crystal orientation and grain size were analyzed 
with an x-ray Bragg diffractometer. The deposits 
were all observed to have a 110 orientation, in- 
dicating no epitaxial growth occurred on any of the, 
substrates. The maximum crystallite size was 1000 A 
on the sapphire substrate. 

Fabrication of Thin Film Capacitors 

The recent miniaturization of electronics that 
has resulted from integrated circuit technology has 
created a need for small lightweight auxiliary com- 
ponents such as capacitors. Thin film capacitors, 
particularly multiple layer capacitors, have 
the potential for filling this need. 

Initially SiOo and AI 2 O 3 were deposited for the 
Insulating layer, but after some preliminary tests 
teflon proved to be a superior material, primarily 
because teflon Is much more convenient to deposit. 
Achieving good adherence with S10 2 or AI 7 O 3 requires 
the substrate to be heated to 400° C while teflon 
films can be deposited on substrate at room temper- 
ature. Single layer teflon capacitors have been 
fabricated by Miller and Ruff(^) using R. F. sput- 
tering. 

Considerable care Is required to successfully 
fabricate thin film capacitors. A very thorough 
cleaning procedure is required, because any surface 
contaminant or surface feature can potentially short 
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out Che capacitor, A dust free environment la es- 
sential . Substrates nuat be free of scratches and 
pits. Single layer capacitors, like the one shown 
In figure 4, are made by sequential deposition of 
an aluminum film, a teflon film, and then another 
aluminum film. Masks are used to define the film 
deposition boundaries. A i-milllmeter clearance 
was Intentionally left between the mask and the 
substrate for two reasons. First some space Is re- 
quired so that mask can be removed without damaging 
previously deposited films, but more Importantly It 
also results In a tapered film edge. Tapered film 
edges allow deposition of layer films without de- 
veloping shorts at the edges. 

Table II Is a comparison between bulk teflon, 

R. F. sputtered teflon and Ion beam sputtered tef- 
lon. The films are very similar. Figure 5 shows 
the dependence of capacitance on teflon thickness 
deposited by Ion beam sputtering. The measured 
capacitance agrees : easonably well with the Inverse 
thickness dependency predicted bv the simple capac- 
itor equation 

Ke A 
C - — — 
d 

where K Is the dielectric constant, e 0 Is the 
permittivity of free space, A is the active area, 
and d Is the thickness. 

The current emphasis of the thin film capaci- 
tor program Is on the investigation of problems as- 
sociated with depositing multiple layers on low 
cost , thin glass substrates. A remotely operated 
mask changer has been developed which makes it pos- 
sible to precisely change masks without removing 
the capacitor from the vacuum system. This In situ 
operation eliminates contamination from dust or 
handling. 

General Purpose Deposition 

Teflon films have applications In many areas 
other than capacitor fabrication, such as lubrica- 
tion and corrosion applications. One particularly 
unique example Is the encapsulation of pressure 
transducers that are Implanted In the human body. 

The body flluds offer an extremely corrosive envir- 
onment and the long term protection of implanted de- 
vices is a major biomedical problem. 

Ion beam sputter deposition Is particularly 
well suited for depositing carbon. Because carbon 
has one of the lowest sputtering yields It Is dif- 
ficult to deposit at hl'h rates. With a beam cur- 
rent of 150 mA, a net accelerating voltage of 
2000 volts, and with the target oriented at 45° with 
respect to the beam, adherent coatings have been 
achieved at rates of 300 A/min. Since the carbon 
target was well below Its melting point, much high- 
er rates are possible with higher beam currents. 

Even further Increase of sputtering rates Is pos- 
sible If the target Is cooled. 

It Is also possible to create composite films 
by sputtering targets composed of more than one 
material. The sputter deposits that result will be 
homogenous mixtures of the target materials. Any 
combination of solid materials is theoretically 
possible. Such combinations as aluminum-copper and 
teflon-copper have been deposited. This technique 
can create a whole new class of materials, some of 
which may have interesting and useful properties. 


The relative ratio of constituents la determined by 
the target area struck by the Ion beam and the rel- 
ative ratio of the sputtering yields. 

Ion Beam Machining 

Ion beam machining as used herein refers to 
erosion processes where the workpiece Is Immersed 
directly In the Ion beam. Some examples of proc- 
esses that are presently well established Include 
Ion bean cleaning of silicon. Ion beam milling of 
Integrated optical electronics components, and Ion 
beam milling of diffraction gratings. In the sec- 
tions that follow some specific applications of ion 
bean machining are discussed. 

Ion Beam Polishing 

Seven metal samples-alumlnum, copper, brass, 
tantalum, Iron, galvanized and stainless steel were 
first sand blasted to obtain a uniform well defined 
roughness and then polished with an ion beam. The 
sandblasting conditions were as follows: 50p SIC 

grit, 65 N/cm^ (80 pslg) pressure, with the nozzle 
oriented perpendicular to the metal surface and po- 
sitioned 2 5 cm away. The samples were then cut in 
half, one half wa6 retained for documenting the In- 
itial surface roughness and the other half was Ion 
beam polished. The seven samples were mounted such 
that the Ion beam was directed tangential to the 
sample surface. The beam preferentially sputters 
the high points thus polishing the surface. The 
samples were polished In this manner for twenty-four 
hours at a net accelerating voltage of. 1000 volts 
and a beam current of 100 mA. After polishing the 
samples were then examined using a scanning electron 
microscope. Photomicrographs of brass and tantalum 
surfaces before and after polishing are shown In 
figure 6. Two results were Immediately apparent. 
First, not surprisingly, the softer materials were 
more readily polished and, second, the polished sur- 
faces appeared channeled or grooved. The appear- 
ance of grooves strongly suggests the need for ro- 
tating the sample during polishing. 

Ion Beam Drilling 

Figure 7 Is a photograph of a carbon mask cov- 
ering a 1.6 mm thick stainless steel backing nheet 
that were used for Ion beam drilling of Irregularly 
Bhaped holes. The Ion beam was directed perpendic- 
ular to the surface of the mask. Because stainless 
steel sputters at a much faster rate than carbon, 
holes can be drilled In the stainless backing sheet 
with very little change in the mask thickness. The 
experiment operated for 75 hours at a net acceler- 
ating voltage of 1000 volts and a beam current of 
100 mA. The holes that resulted were uniform in 
size across the thickness of the target and a very 
exact reproduction of the mask openings. # Tbe etch- 
ing rate of the stainless steel was 2100 A/mln which 
produced holes 0.9-mm deep as shown in figure 7. 

Ion beam drilling Is especially applicable for pro- 
ducing arrays of irregularly shaped holes. 

Ion Beam Milling 

Laser reflection holograms have also been fab- 
ricated by Ion beam milling. Photoresist patterns 
are first printed on the silicon work piece and then 
sputtered with an Ion beam. Material Is selectively 
sputtered away In regions where the workpiece Is not 
covered by photoresist. After sputtering to the de- 
al rad depth, the remaining photoresist Is chemically 
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removed. Figure 8 la a photograph of a hologram 
that was allied at a distance of 20 as and 300 yolt# 
net accelerating voltage at 10 allllamperes of beam 
current. The low Ion beam energy was required be- 
cause of the relatively low temperature melting 
point of the photoresist material. Figure 9 shows 
two scanning electron photomicrographs at 100 X and 
1000 X. This hologram was subsequently tested us 
lng a helium-neon laser and produced a satisfactory 
Image. The primary advantages of Ion beam milling 
holograms are the accurate reproduction of the 
photoresist patterns and the avoidance of chemical 
contamination and undercutting. 

Ion Beam Texturing 

Background 

In 1942 Guentherschulze and Tollmien^^ ob- 
served angular variations In the surface reflectiv- 
ity of flow discharge cathodes that they hypothe- 
sized were the result of a submlcroscopic surface 
texture. Later Stewart and Thompson (1*) published 
scanning electron photomicrographs of conical pro- 
trusions on tin and silicon surfaces that had been 
sputter etched with a radio-frequency argon Ion 
source. They concurred with Guentherschulze 's pos- 
tulation that the cones occur where low sputtering 
yield particles protect the underlying material 
from sputtering. Wehner and HajicekG®) have shown 
that surface texture can be produced by supplying 
surfaces with lower sputtering yield atoms (seed 
material) during sputter etching. It Is thought 
that the low sputtering yield atoms agglomerate In- 
to microscopic regions, thus preventing the higher 
fluttering yield atoms beneath them from being 
sputtered. This paper presents results of Ion beam 
te\turlng of surfaces for a number of elements and 
compounds. Scanning electron photomicrographs are 
presented which show the resulting surface texture 
characteristic of different regions of the periodic 
table. Photomicrographs are also presented which 
document the Initial stages and growth of the sur- 
face testure. Variations of the texture with seed- 
ing material, ion energy, beam current and surface 
temperature have been studied. 

Ion Beam Texturing Process 

For Ion beam texturing the ion source was op- 
erated at a net accelerating potential of 1000 volts 
and a beam current of 100 mA. The current density 
at the center of the beam ten centimeters from the 
source was 2.0 mA/cm^. The specific operating con- 
ditions were varied depending on the melting point 
of the target material. 

The material to be textured was located 10- 
centlmeters from the source and centered In the Ion 
beam. Although it could have been oriented at any 
angle, It was mounted with the Ion source axis nor- 
mal to its surface. The seed material was mounted 
on a separate support and was oriented at a 45° an- 
gle with respect to source axis. The ion beam si- 
multaneously sputtered both the target and the seed 
material. Sufficient seed material was sputter de- 
posited onto the target such that a dense uniform 
texture was created over areas up to three centime- 
ters In diameter. 

Morphology of Textured Elements 

Ion beam texturing using tantalum as the seed 


material was attempted on thirty different elements. 
Twenty-six elements were successfully textured and 
are shown shaded in figure 10. The texturing proc- 
ess was unsuccessful for Nb, Mo, Ta and W, the four 
crosshetched elements In figure 10. All of the el- 
ements that could not be textured are In columns 
VB and VIB of the periodic chart. It Is interest- 
ing to compere this observation with the periodicity 
effect of the low energy sputtering yield (fig. 11) 
that has been reported by Wehner Cl/) and by Wehner 
and Rosenberg. do) The elements (Nb, Mo, Ta, W) 
that showed no signs of texture are all relatively 
low sputtering yield materials. However, several 
elements (C, SI, Tl, and Zr) have lower sputtering 
yields than tantalum, but nevertheless were still 
textured. Conversely, tungsten has a higher sput- 
tering yield than tantalum but did not texture. 

The elements In column TVB of the periodic chart all 
could be textured; however zirconium textured at a 
faster rate (4. 3x10“® cm/mln) than either hafnium 
(6.7xl0 - 7 cm/mln) or titanium (1.0xl0“® cm/mln). 

It Is extremely difficult to describe the 
morphological differences of the twenty-Blx elements 
that were textured. A large number of elements had 
textures that can be classified as either a ridge 
structures or a cone structures. Figure 12(a) 1 b a 
photomicrograph of the convoluted ridge morphology 
that occurred with nickel and many of the other low 
sputtering yield materials (Ti, Fe, Co, Zr, Hf, Gd). 
Many of the higher sputtering yield materials had 
morphologies that look like densely packed cones or 
needles. The scanning electron photomicrograph of 
copper shown In figure 12(b) is an example of the 
cone structure. The other elements that exhibit 
this type of structure Include Mg, Cr, Ag, Au, Hg, 
A2, C, Si, Ge, Pb and Bl. The remaining materials 
that textured but showed neigher a ridge structure 
nor a cone structure are C, Be, Zn, Dn, Sn, and Sb. 
Their surface textures were all unique. Analysis of 
the x-ray energy dispersion of textured silicon con- 
firmed Wehner's postulation that the regions on the 
top of the cones had considerably more tantalum than 
the regions between the cones. 

In addition to the elements, a few compounds, 
alloys and polymers such a6 stainless steel, CrAu, 
Bnd teflon have been textured. The resulting sur- 
face morphologies were also identifiable as ridge 
and tone structures. 

The Evolution of Surface Texture 

A series of copper samples were Ion beam tex- 
tured at a net accelerating voltage of 1000 volts 
and a beam current of 100 mA for periods of two, 
four, eight, sixteen, and thirty-two minutes. Fig- 
ure 13 shows two scanning electron microscope views 
of tne two minute textured surface. The vertical 
view shows the distribution of what are believed to 
be the tantalum nucleatlon sites. They seem to be 
composed of Islands 0.1 to 0.5 urn In diameter. The 
angular view shows the depth of the structure and 
the Initiation of the texture. Figure 14 shows the 
surface texture after four minutes of Ion beam tex- 
turing. The peaks are on the average somewhat larg- 
er in diameter than after two minutes and in a few 
locations appear to be lined up in rows. After four 
minutes the formation of the cone structure is 
Clearly well underway. After eight minutes the 
surface la completely textured and looked almost ex- 
actly like figure 10(b). Further exposure to the 
ion beam only resulted In Increased depth of the 
structure. Kota that some of the cones In flg- 
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ure 10(b) appear to be hollow. The necessity of 
continually aupplylng aeed material waa demonstrated 
by the following test. A copper eurface was flrat 
textured with a 100 mA, 1000 volt Ion beam for 
thirty minutes after which the tantalw seed mater- 
ial was rotated out of the Ion beam and the aurface 
was sputter etched for one minute at the same beam 
current and voltage. The cone structure was almost 
completely removed. 

Measurements of the average copper cone height 
with respect to the Ion beam exposure time are 
graphed In figure 15. The curve has a change In 
slope between the four minute point and the eight 
minute point. This Is probably a result of the 
transition from the Initial stages of texturing to 
the lower sputtering yield later stages where more 
sputtered atoms are trapped by the cones. The cone 
growth rate In the later stage Is estimated at 

0.09 pm/mln. At the same beam conditions the cop- 
per etch rate with no tantalum present was 0.12 pm/ 
min. By way of comparison stainless steel has a 
texture growth rate of 0.01 ym/mln under the same 
conditions. 

TexturlnR Parameters 

There are several parameters which Influence 
the texturing process, such as the kind of seed ma- 
terial, its arrival rate at the target, the net ac- 
celerating voltage, the beam current, and the tar- 
get temperature. A complete analysis of the large 
number of parametric perturbations Is beyond the 
scope of this paper, nevertheless some specific ob- 
servations are of interest. 

Figure 16 shows textured copper surfaces that 
resulted with tungsten as seed material and with 
AljOj as seed material. The morphologies were dif- 
ferent from each other and different from those 
created with a tantalum seed material, figure 12 (b). 
However, a different seed material does not always 
result in a different morphology. When silicon was 
textured with tantalum, molybdenum, or titanium the 
resulting morphologies were found to be nearly Iden- 
tical. 

Th* structure density of the texture (the num- 
ber of ccaes or ridges per unit area) was found to 
be dependent on the arrival rate of the seed mater- 
ial. At low arrival rates the cones were more 
widely separated and more perfectly formed. It Is 
also possible for the seed material arrival rate to 
be so high that no texture forms on the target. 

Preliminary measurements of the growth rate of 
stainless steel texture found It to be proportional 
to both beam current and net accelerating potential. 

Surface temperature is also very Important to 
the texturing phenomena. For example If the normal 
texturing process of copper with tantalum seed ma- 
terial was Interrupted after every minute of oper- 
ation and allowed to cool for several minutes, no 
texture was created. Instead the copper became 
coated with tantalum. This may have resulted be- 
cause of the temperature activated surface mobility 
of the seed material as postulated by Wehner. 

Concluding Remarks 

An existing 8 -cm xenon Ion thruster was adapt- 
ed to serve as the Ion beam source for a Investiga- 
tion Into non-propulslve applications. The Ion 


beam source has proven to be very useful for general 
purpose sputter deposition. Several materials that 
ere difficult to sputter by other techniques such as 
AI 2 O 3 , S 1 C> 2 , carbon, end teflon can be sputter de- 
posited st useful retea using this Ion beam. En- 
couraging results have been obtained In the con- 
struction of thin film teflon capacitors. Prelim- 
inary measurements of the thickness dependence of 
the capacitance and the dielectric field strength 
have been made. 

Other experiments on Ion beam machining proc- 
esses - polishing, drilling, and milling have been 
successful. Several metallic surfaces have been 
Ion beam polished with good results. The polishing 
could be further Improved by rotating the sample. 
Laser reflection holograms have been Ion beam mil- 
led and preliminary experiments have demonstrated 
very accurate reproduction of the photoresist pat- 
terns. 

An Ion beam source has demonstrated the ability 
to produce a controlled texturing of surfaces. 
Twenty-six elements have been textured and the re- 
sulting surface morphologies have been character- 
ized. A large number of elements had textures that 
could be classified as either a ridge structure of 
a cone structure. 

The surface morphology created by Ion beam tex- 
turing has different areas of potential applica- 
tions. This type of surface treatment could be used 
to modify reflectance and emlsslvity, to decrease 
secondary electron emission, to promote thin film 
adhesion, to increase catalytic reactions, snd to 
reduce the effective sputtering yield. 
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Quartz SIO 2 

950 

2 

190 


‘Trademark 


14. Guenthsachulss, A., and Tollaien, V., "Neue 

Untersuchoagen uber die Kathodenzerstaubung 
der Climmenttadung," Eeltschrift fuer Physik . 
Vol. 119, 1942, pp. 685-695. 

15. Stewart, A. D. G. , and Thompson, M. W. , "Micro- 

topography of Surfaces Eroded by Ion- 
Bombardment," Journal Material Sciences . Vol. 
4, Jan. 1969, pp. 56-60. 

16. Wehner, G. K., and Hajlcek, D. J., "Cone Forma- 

tion of Metal Targets During Sputtering," 
Journal of Applied Physlca , Vol. 42, Mar. 

1971, pp. 1145-1149. 

17. Wehner, G. K. , Proceedings of the 5th Interna- 

tional Conference on Ionization Phenomena in 
Gases, Vol. II, H. Maecker, ed., North-Holland 
Publ. Co. (Amsterdam), 1962, pp. 1141-1156. 

18. Wehner, G. K. , and Rosenberg, D., "Mercury Ion 

Beam Sputtering of Metals at Energies 4-15 
keV," Journal of Applied Physics , Vol. 32, 

May 1961, pp. 887-890. 


TABLE II. - Teflon Properties 


Property 

Bulk value 

R.F. Sputtered films 

Ion beam 
sputter * films 

Dissipation factor, D.F. 
Resistivity, p _ 

Dielectric strength, 7V BD> 
Dielectric constant, K 

2xl0 -4 

1.9xl0 19 Gem 
1.57xl0 5 V/cm 
2.1 

5x10” 3 - 5x1 0* 2 
1013 - lo!5 n cffl 
2xl0 5 - 5x10® V/cm 
1.4 - 7.4 

2x10” 3 - 8x10“ 3 
10 1 * Gem 
1x10® V/cm 
1.4 - 6.8 
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(cl ION BEAM SURFACE TEXTURING. 



Figure 3. * Sketch of ion source facility showing operational arrangement. 
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Figure 4. - Sketch of thin film teflon capacitor. 
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GRIT BLASTED TANTALUM 100 pm ION POLISHED TANTALUM 

Figure 6. - Scannina electron microscope photomicrographs of brass and tantalum 
before and after ion polishing. 



Figure 7. - Carbon mask covering a stainless steel sheet that has been 
exposed to ion beam (or 75 hours. Net accelerating voltage, 1000 volts; 
beam current, 100 ma. Holes are 0.9 mm deep in stainless steel sheet. 
Carbon mask, 0.5 mm thick. 



Figure 8. - Ion milled laser hologram. X10. 
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PERIODIC CHART OF THE ELEMENTS 



Figure 10. - The periodic chart of the elements. The shaded elements were successfully textured using tantalum as the seed 
material. The texturing process was unsuccessful for the cross-hatched materials. 



















































































YIELD, ATOM/ION 



ATOMIC NUMBER 

Figure 11. - Sputter yield versus atomic number of 
the substrate for low-energy ions, showing the 
periodicity effect (ref. 18). 



lb' COPPER. 


Figure 12. - Scanning electron photomicrographs of ion 
be«in textured surface with tantalum seed material. 

Net accelerating potential. 1000 volts: beam current, 
100 ma. X3000, 40° tilt. 




Figure 13. * Scanning electron photomicrographs of an ion beam textured 
copper surface (two minute exposure), with tantalum as the seed mater- 
ial. Net accelerating potential. 1000 volts; beam current, 100 ma 
X10 000. 



<ai 0° tilt. lb) 40° tilt. 


Figure 14. - Scanning electron photomicrographs of an ion beam textured 
copper surface (four minute exposure) with tantalum as the seed mater- 
ial. Net accelerating potential. 1000 volts; beam current, 100 ma. 

X10 000. 




EXPOSURE TIME. MIN 


Figure 15. - Measurements of the copper cone 
height with respect to ion beam exposure ti me, 
Xenon ion beam operated at 1000 volts and 
100 ma. Tantalum was the seed material. 


ia> 40° tilt; X3000. 


ib) 40° tilt; X1000. 


Figure 16. - Scanning electron photomicrographs of ion beam textured 
copper. |a) Tungsten seed material; lb) Al ? 03 seed material. Net 

accelerating potential. 1000 volts; oeam current, 100 ma. 







